In a Kitaev spin liquid, electron spins can break into fractional particles known as Majorana fermions and Z2 fluxes. Recent experiments have indicated the existence of such fractional particles in a two-dimensional Kitaev material candidate, α-RuCl3. These exotic particles can be used in topological quantum computations when braided within their lifetimes. However, the lifetimes of these particles, critical for applications in topological quantum computing, have not been reported. Here we study ultrafast dynamics of photoinduced excitations in single crystals of α-RuCl3 using pump-probe transient grating spectroscopy. We observe intriguing photoexcited nonequilibrium states in the Kitaev paramagnetic regime between TN ∼ 7 K and TH ∼ 100 K, where TN is the Néel temperature and TH is set by the Kitaev interaction. Two distinct lifetimes are detected: a longer lifetime of ∼ 50 ps, independent of temperature; a shorter lifetime of 1 − 20 ps, with a strong temperature dependence, T −1.40 . We analyze the transient grating signals using coupled differential equations and propose that the long and short lifetimes are associated with fractional particles in the Kitaev paramagnetic regime, Z2 fluxes and Majorana fermions, respectively.
In a Kitaev spin liquid, electron spins can break into fractional particles known as Majorana fermions and Z2 fluxes. Recent experiments have indicated the existence of such fractional particles in a two-dimensional Kitaev material candidate, α-RuCl3. These exotic particles can be used in topological quantum computations when braided within their lifetimes. However, the lifetimes of these particles, critical for applications in topological quantum computing, have not been reported. Here we study ultrafast dynamics of photoinduced excitations in single crystals of α-RuCl3 using pump-probe transient grating spectroscopy. We observe intriguing photoexcited nonequilibrium states in the Kitaev paramagnetic regime between TN ∼ 7 K and TH ∼ 100 K, where TN is the Néel temperature and TH is set by the Kitaev interaction. Two distinct lifetimes are detected: a longer lifetime of ∼ 50 ps, independent of temperature; a shorter lifetime of 1 − 20 ps, with a strong temperature dependence, T − 1.40 . We analyze the transient grating signals using coupled differential equations and propose that the long and short lifetimes are associated with fractional particles in the Kitaev paramagnetic regime, Z2 fluxes and Majorana fermions, respectively.
A quantum spin liquid is an exotic state of matter, where spins form a collective quantum state with longrange quantum entanglement [1] [2] [3] [4] [5] [6] [7] [8] [9] . This emerging state of matter is of great interest because it provides a fertile playground to explore the new physics of fractionalized excitations, which can be used in topological quantum computing. Kitaev proposed an exactly solvable model on a two-dimensional honeycomb lattice, dubbed the Kitaev model, in which the spins form a quantum spin liquid in the ground state and fractionalize into fractional particles -Majorana fermions and Z 2 gauge fluxes [1] . The materialization of this model was derived by Jackeli and Khaliullin [10] , which has stimulated an extensive search for possible Kitaev spin liquid candidates in the laboratory.
It has been discovered that Kitaev spin liquids can arise in real materials such as iridates and α-RuCl 3 (hereafter RuCl 3 ) [10] [11] [12] [13] [14] . Although these materials order magnetically at low temperatures [15, 16] , the Kitaev interaction dominates over other types of exchange interactions such as Heisenberg and Γ-interactions [13, 17] . Recent inelastic neutron and Raman scattering experiments illustrated energy continuum excitations signaling the fractional excitations in quantum spin liquids [18] [19] [20] [21] . The fractional particles were further identified experimentally by the observation of a half-quantized thermal Hall effect associated with the chiral edge state of Majorana fermions [22] . In addition to inelastic neutron [19-21, 23, 24] and Raman scattering [18, 25] , a few other spectroscopic techniques have been applied to study magnetic excitations in Kitaev material candidates, including electron spin resonance [26] , nuclear magnetic resonance [27] [28] [29] and THz spectroscopy [30] [31] [32] [33] . Despite these pro- * physics.yangluyi@gmail.com gresses ultrafast studies of nonequilibrium excitations in Kitaev materials are at an early stage [34] [35] [36] [37] [38] . Insufficient understanding of anyonic particle dynamics, such as lifetimes, hinders the development of topological quantum computations.
Here we probe the ultrafast dynamics of photoinduced excitations in single crystals of RuCl 3 as a function of time and temperature using heterodyne transient grating spectroscopy. We find distinct dynamics of photoexcited states in different temperature regimes. In particular, we identify one component in the photoinduced transient reflectance fading away with increasing temperature and vanishing at T H ∼ 100 K, set most likely by the thermal energy scales of the Kitaev interaction. Our analysis suggests that this component reveals the dynamics of photoinduced nonequilibrium fractional particles in the Kitaev paramagnetic phase. This component exhibits two lifetimes likely associated with photoinduced Majorana fermions and Z 2 fluxes. In addition, we observe that the photoexcitations are sensitive to the long-range magnetic order, showing a sharp phase transition at the Néel temperature T N ∼ 7 K. These results shed light on the dynamics of nonequilibrium excitations in Kitaev materials.
High-quality RuCl 3 crystals used in this work were grown by vacuum sublimation of prereacted RuCl 3 powder [12] . The samples were mounted on the vacuum cold finger of a small liquid helium optical cryostat. Timeresolved heterodyne transient grating experiments were performed in a reflection geometry using ultrafast 200 fs pulses from a 76 MHz Ti:sapphire oscillator lasing at the center wavelength of 905 nm. The pump and probe beams were weakly focused to a ∼100 µm spot on the sample. The measurements were performed in a low pump power regime (38 to 190 nJ cm −2 ) to limit the laser heating. The heterodyne transient grating spec- troscopy (see Supplemental Material for details) measures the complex transient reflectance ∆R, represented by the in-phase (Re) and out-of-phase (Im) parts with respect to the equilibrium reflectivity R (Figure 1c inset) . This technique has been applied to study photoinduced nonequilibrium excitations in a variety of strongly correlated materials [37, [39] [40] [41] .
We first investigate Re{∆R/R} and Im{∆R/R} as a function of time at three representative temperatures. The signals are distinct from each other in the three different temperature regimes: high (Figure 1c) , intermediate ( Figure 1b ) and low (Figure 1a) temperatures.
In the high temperature regime (> 100 K), the system is in the conventional paramagnetic phase. As evident in Figure 1c , both Re{∆R/R} and Im{∆R/R} have an initial rapid decay of less than 1 ps duration and a slow decay of ∼ 100 ps at 120 K. The fast decay likely results from the cooling of photoexcited hot carriers as they reach quasithermal equilibrium with the lattice via carrier-carrier scattering and electron-phonon relaxation, while the slow decay probably reflects the electronhole recombination. The ultimate return to equilibrium through thermal diffusion takes place on much longer timescales shown as offsets in the figure. These are the pump-probe signals commonly observed in semiconductors [42] , which we refer to below as conventional pumpprobe signals.
For intermediate temperatures (7 100 K), the system enters the Kitaev paramagnetic phase. Re{∆R/R} at 40 K shown in Figure 1b is similar to the 120 K data representing the conventional pump-probe signals. In stark contrast, Im{∆R/R}, shortly after the initial rapid decay, has a component that rises and then decays on much slower, ∼ 10 ps, timescales. This component will be dis-cussed in depth later.
At temperatures below T N , a zigzag antiferromagnetic order appears, affecting both the in-phase and out-ofphase parts of ∆R/R. As shown in Figure 1a , the signals at 5 K, ∼ 100 times larger in amplitude, are significantly different from those at 120 K. In addition to the gradual increase signal in Im{∆R/R}, the in-phase part rises at an even slower pace, while the conventional pumpprobe signals are negligible. To understand the magnetic correlations, next we examine ∆R/R near the Néel temperature. Figure 2a and 3a present the raw data of Re{∆R/R} and Im{∆R/R} versus time, respectively, from 4.5 to 15 K at a pump fluence of 38 nJ cm −2 . Below T N , the signals increase with increasing temperature. Then the dynamics changes suddenly from 6.5 K to 7 K, signifying a sharp phase transition around T N ∼ 7 K. This observation demonstrates a component in ∆R/R associated with the magnetic order, with projections on both the Re and Im axes. The phase transition is more clearly seen in Figure 2b that the signal amplitude at 45 ps (black triangles) has a jump at T N . Moreover, although Re{∆R/R} and Im{∆R/R} share similar shapes below T N , they are not proportional to each other at a given temperature, implying that ∆R contains more than one contribution. Above T N , Re{∆R/R} markedly differs from Im{∆R/R}, in terms of its much slower rise time and the negligible amplitude above 10 K. Crucially, the fact that Re{∆R/R} dies away around 10K whereas Im{∆R/R} persists to much higher temperatures suggests a component in ∆R precisely aligned with the Im axis. This component has unique features compared to other conventional excitations, which we will discuss in detail later.
To study the magnetic component, we analyze Re{∆R/R}. We fit the data below 7 K in Figure 2a with a single exponential function and plot the extracted lifetime τ S as a function of temperature in Figure 2b . Both τ S and the amplitude show divergence features when T N is approached, indicating that the signal is related to the critical spin fluctuations near the ordering temperature [35, [46] [47] [48] . In particular, the zigzag antiferromagnetic order was also probed in iridates by Re{∆R/R} with the standard pump-probe technique [35, 36] .
The enhancement of both lifetimes and amplitudes in reflectivity has been observed in various systems undergoing second-order magnetic phase transitions [35, [46] [47] [48] [49] . Due to different specific heats between electrons and spins, a sudden absorption of a pump laser pulse first heats up the electrons but leaves the spin temperature untouched. The lifetime τ S stands for the timescale of the relaxation process where the spin temperature reaches quasiequilibrium with the electrons [46] . Furthermore, right above T N in Figure 2a , the signal rises extremely slowly, implying the divergence of the spin-spin fluctuations. This observation agrees with the critical phenomena in phase transitions, and we determine that the critical spin fluctuations preceding the magnetic ordering disappear around 10 K according to Figure 2a [43] , using the thermal conductivity data and heat capacity data from Ref. [44] and Ref. [45] , respectively. and b (black triangles). Note that our optical probe of the second-order magnetic phase transition is in line with the specific heat measurements [16, 21] .
As mentioned earlier, a component appears only in Im{∆R/R} below 100 K, which we now investigate in detail. Figure 3a τ and τ2 are attributed to the lifetimes of direct-photoinduced excitations and indirect excitations, respectively (see text). The dotted lines are power-law fits to the data between 10 and 60 K. The temperature dependence of τ yields a power-law exponent of −1.40 ± 0.05, while the amplitude gives −2.45 ± 0.21. The method to extract the amplitudes and lifetimes is described in Supplemental Material. Note that the signal magnitude drops rapidly with increasing temperature so that we have to increase the pump fluence at elevated temperatures. In spite of different pump fluences, the excellent overlap of the two data sets in (c) and (d) suggests that the amplitude is approximately a linear function of pump fluence and the lifetimes are nearly independent of fluence in the low power regime of the experiment. Error bars in amplitude and lifetimes represent the χ 2 uncertainty when fitting the raw data in (a) and (b) to exponentials. Error bars in temperature are smaller than the markers. from 10 to 120 K at 190 nJ cm −2 , respectively. Given that the magnetic and conventional pump-probe signals have projections on both the Re and Im axes (illustrated schematically in Figure 1d-f) , we first determine their optical phases and then subtract their contributions from Im{∆R/R} correspondingly (see Supplemental Material). As a result, the remaining data describe this emerging signal that occurs only in Im{∆R/R}. In the intermediate temperature regime, this signal can be fit with a double-exponential function:
with two lifetimes τ and τ 2 where τ < τ 2 .
In Figure 3c and d, we plot the extracted amplitudes and lifetimes from the fits as a function of temperature. Between 10 and 60 K, both A and τ have a strong power-law temperature dependence: A ∝ T −2.45 and τ ∝ T −1.40 . By contrast, τ 2 (≈ 55ps) is long-lived and almost temperature independent. Below 10 K, a decrease of τ is detected likely owing to the development of the long-range magnetic order. Above 60 K, both the lifetimes and amplitude plummet with increasing tempera- ture and then disappear around 100 K as a result of the crossover from a Kitaev paramagnet to a conventional paramagnet, consistent with the previous inelastic neutron and Raman scattering measurements [18] [19] [20] [21] . Note that at 120 K this signal is negligibly small within our detection limit (∆R/R ∼ 3×10 −8 ), making it impossible to estimate τ and τ 2 .
Given that these features appear only within the Kitaev paramagnetic temperature regime, we propose a minimal model to understand the dynamics of the photoinduced excitations with two lifetimes. As demonstrated in Figure 4b , the model involves two excited states N 1 (t) and N 2 (t). N 1 represents the density of direct-photoexcited states due to the pump pulse F δ(t), where F is the pump fluence and δ(t) is the Dirac delta function. The system is quenched right after the pump is applied, and the excited states evolve in time under a microscopic Hamiltonian. The direct-photoexcited states decay either to indirect-excited states denoted by a density N 2 with a rate of γ 12 , or to the ground state with a rate of γ 1 . The indirect-excited states do not directly couple to the pump, but are created by the directphotoexcited states, and then decay to the ground state with a rate of γ 2 . The time evolution of N 1 and N 2 can be described by the following coupled differential equations:
A similar analysis was used to understand the nonequilibrium dynamics of γ-Li 2 IrO 3 and Na 2 IrO 3 (Ref. [35] ), where a slow rise time of Re{∆R/R} in certain temperature range was reported, but missed the γ 2 term in Eq. (2), which represents the decay of indirect-excited states to the ground state. This may be due to a shorter timescale used in the measurement. This term is crucial for finding the second lifetime, because the solutions of the above equations are N 1 (t) = F exp(−γt) and N 2 (t) = F γ 12 /(γ −γ 2 )[exp(−γ 2 t)−exp(−γt)], where γ ≡ γ 1 +γ 12 . N 2 has exactly the same form as the doubleexponential fitting function with A = F γ 12 /(γ − γ 2 ), τ = γ −1 and τ 2 = γ 2 −1 . The above analysis strongly suggests that the physics within the intermediate temperature regime is governed by the Kitaev interaction. In a pure Kitaev spin liquid, itinerant Majorana fermions and Z 2 fluxes are well defined fractionalized particles. While there are other interactions leading to a magnetically ordered ground state and these particles are strongly interacting, the thermal Hall, inelastic neutron and Raman scattering measurements have indicated that fractional particles can be created either by thermal agitation or by external stimuli such as neutrons or photons [18] [19] [20] [21] [22] [50] [51] [52] [53] [54] . We suggest that the direct photoexcitations are related to the spin continuum excitations as observed in the Raman scattering experiments. Then the spin excitations convert to fractional particles in the indirect-excited states, which contain two lifetimes: τ is related to the spin continuum excitations mainly set by Majorana fermions, and becomes shorter with increasing temperature as a consequence of the strong spin-(and Majorana fermion)-phonon interaction in RuCl 3 (Refs. [44, 55] ). The longer lifetime τ 2 is most likely associated with more localized fluxes [53] . We note that a recent theoretical work studied the transient Majorana dynamics induced by quenching an external magnetic field in the Kitaev model and unveiled distinct timescales (typically ∼ 1 − 10 ps) for the two types of fractional particles [34] .
In summary, we have studied the transient complex reflectance change of a strong Kitaev spin liquid candidate, RuCl 3 , using optical transient grating spectroscopy. From these measurements we have revealed multiple components in transient reflectance due to different physical origins: magnetic order, fractional particles, and conventional excitations such as hot carriers. In particular, two distinct lifetimes with contrasting temperature dependence are observed in the Kitaev paramagnetic regime. The shorter lifetime (1 − 20 ps), susceptible to temperature change, shows the lifetime of itinerant Majorana fermions; the longer one (∼ 50 ps), stable with temperature, is the lifetime of localized Z 2 fluxes. Overall, these measurements open the door for comprehensive studies of nonequilibrium phenomena in Kitaev materials. It will be interesting to explore how the nonequilibrium dynamics evolves close to the quantum critical points where the spin liquid is destroyed e.g. by an applied magnetic field. Further theoretical studies include computing the lifetimes of fractional particles in quantum spin liquids under nonequilibrium conditions and the spin-phonon scattering rate in different temperature regimes.
